The magnetic domains of embedded micromagnets with 2 m Â 2 m dimensions defined in epitaxial La 0:7 Sr 0:3 MnO 3 (LSMO) thin films and LaFeO 3 =LSMO bilayers were investigated using soft x-ray magnetic microscopy. Square micromagnets aligned with their edges parallel to the easy axes of LSMO provide an ideal experimental geometry for probing the influence of interface exchange coupling on the magnetic domain patterns. The observation of unique domain patterns not reported for ferromagnetic metal microstructures, namely divergent antiferromagnetic vortex domains and ''Z''-type domains, suggests the simultaneous presence of spin-flop coupling and local exchange bias in this system.
The control of magnetic properties of patterned thin films and heterostructures is crucial to their implementation in magnetoelectronic devices. Reduced dimensionality and confined geometry of micro-or nanostructures lead to domain states with intriguing properties for spintronic device engineering. Two examples include the curling vortex and flux-closure Landau states reported for ferromagnetic (FM) metal [1, 2] and perovskite oxide [3] films patterned to submicron dimensions. For FM materials, these domain states are readily explained by a reduction in total energy by elimination of the magnetostatic energy at the expense of magnetocrystalline anisotropy and domain wall energies. Exchange coupled systems involving antiferromagnetic (AFM)/FM interfaces exhibit magnetic properties that differ from bulk materials, e.g., increased coercivity and exchange bias [4] . Recently, correlated AFM and FM vortex states, including a unique divergent AFM vortex state, were observed by Wu et al. [5] in single-crystalline NiO=Fe and CoO=Fe discs on Ag(001) substrates. The impact of nanostructuring on domain formation and exchange coupling in AFM/FM bilayers has primarily been studied in metallic systems [6] [7] [8] [9] [10] [11] [12] and remains largely unknown in perovskite oxides.
In many exchange coupled systems, the local AFM/FM domain structure and presence of uncompensated spins at the AFM interface play a crucial role [11, [13] [14] [15] [16] . The (001)-oriented interface between a G-type antiferromagnet and a ferromagnet is fully compensated and therefore is characterized by an equal number of positive and negative exchange interactions. Theoretical analysis by Finazzi and Koon [17, 18] predicts that spin-flop coupling occurs, characterized by a uniaxial anisotropy of AFM spins perpendicular to the magnetization of the FM film [17] [18] [19] [20] , with no horizontal shift of the hysteresis loop (i.e., no exchange bias). For a G-type antiferromagnet with an orthorhombic perovskite structure [e.g., LaFeO 3 (LFO)], it is predicted that the tilting of FeO 6 octahedra leads to staggered Dzyaloshinshkii-Moriya interactions between nearest neighbors, providing a bias field and exchange bias [21, 22] . In experimental studies, x-ray photoemission electron microscopy (X-PEEM) was utilized to observe spin-flop coupling in AFM/FM La 0:7 Sr 0:3 FeO 3 ðLSFOÞ= La 0:7 Sr 0:3 MnO 3 (LSMO) superlattices [23] . In this case, each AFM domain was directly correlated to two types of smaller FM domains, both of which satisfied the perpendicular orientation between the AFM spins and the magnetization of the FM layer. The locations of these domains changed in a correlated fashion with increasing temperature. These findings indicate that the strength of the spinflop coupling overcame the anisotropy of the LSFO layer and the pinning effect of structural domains which typically define AFM domains in thicker layers. However, it was not clear whether the AFM or FM domains determine the shape and location of the coupled domain structure.
In this Letter, we utilize X-PEEM to image the coupled AFM and FM domain patterns in LFO/LSMO bilayers. Bulk LFO possesses a high Néel temperature ðT N Þ $ 740 K with the AFM Néel vector oriented along the orthorhombic a axis [24, 25] . In thin films, the anisotropy decreases with decreasing film thickness with a distribution of domains with their AFM spin axes oriented along in-plane h100i and h110i pseudocubic directions [26] . LSMO is a soft FM material with strong magnetocrystalline anisotropy with easy axes oriented along in-plane h110i directions in films under tensile strain [27] . The Curie temperature, T C , of the LSMO layer was $270 K determined using a superconducting quantum interference device magnetometer. While this system with T C < T N is fairly unusual in exchange bias studies, Cai et al. [28] have shown that exchange coupling occurs in FM/AFM systems,
week ending 6 SEPTEMBER 2013 0031-9007=13=111(10)=107201 (5) 107201-1 Ó 2013 American Physical Society regardless of the relative values of T C and T N . Both unpatterned regions and 2 m Â 2 m square platelets were investigated. At these dimensions, the structures lie at the boundary of the expected transition from flux closure to more complicated multidomain states [29] . An all perovskite oxide structure ensures an ideal model system consisting of epitaxial layers without uncompensated spins at the AFM/FM interface. A thickness of 10 unit cells (u.c.) is sufficient to preserve the AFM properties of the LFO epilayer and permits characterization by X-PEEM of both the AFM and FM layers. Differing B-site elements in the ABO 3 perovskite unit cell (Fe vs Mn) enables separate probing of the magnetic properties of each layer. The LFO (10 u.c.)/LSMO (90 u.c.) bilayers were grown by pulsed laser deposition on (001)-oriented Nb-doped (0:05 wt %) SrTiO 3 (Nb:STO) substrates using growth conditions reported elsewhere [26] . Unit cell intensity oscillations were observed throughout the growth using reflection high-energy electron diffraction. Atomic force microscopy showed a step-and-terrace structure with submonolayer surface roughness on individual terraces. X-ray diffraction showed distinct thickness fringes around the out-of-plane reflections and rocking curve widths comparable with that of the substrate (full width at half maximum $0:02 ), indicating films of high crystalline quality. Microstructures with their edges oriented along h110i substrate directions were defined using a patterning technique based on local modification of the structural and magnetic order by Ar þ ion implantation through a Cr hard mask [3] .
Domain images were obtained with high spatial resolution ($ 40 nm) and element specificity at 100 and 300 K using the PEEM-3 microscope at the Advanced Light Source. X-PEEM exploits x-ray magnetic linear/circular dichroism (XMLD/XMCD) at Fe/Mn L 2;3 absorption edges and uses a series of electron lenses to capture the emitted secondary electrons from the sample surface (5-10 nm escape depth) in order to probe the AFM/FM properties, respectively [30] . A schematic of the measurement geometry is shown in Fig. 1(a) . The x rays were incident upon the sample at a 30 angle with respect to the sample surface. The XMLD-PEEM images were recorded at photon energies of 720.9 and 722.7 eV, corresponding to A and B multiplets of the Fe L 2 absorption edge, where the XMLD effect for LFO is maximized with opposite sign [31] . The final domain images were calculated as the B=A intensity ratio for each pixel to eliminate any chemical and topographical contrast while enhancing the magnetic contrast. The x-ray polarization vector, E, was varied continuously from s to p polarization, i.e., from parallel to 60 inclination with the sample surface. The polarization angle ! was defined as 0 (90 ) for p (s) polarization, respectively. Such polarization scans enable determination of the direction of the AFM spin axis using the equation for the XMLD intensity,
where a and b are constants, is the angle between E and the AFM spin axis, and hM 2 i T is the temperature-dependent average of the magnetic moment squared. The maximum bright (dark) contrast corresponds to AFM domains with the AFM spin axis oriented parallel (perpendicular) to the x-ray E vector. XMCD-PEEM images were recorded with right and left circularly polarized (rcp and lcp) x-rays at a photon energy of 642.6 eV, corresponding to the maximum XMCD at the Mn L 3 edge for LSMO. The final domain images were obtained from the ratio of rcp/lcp images, such that bright, dark, and gray contrast corresponds to domains with antiparallel, parallel, and perpendicular orientation of the magnetization and the incident x rays, respectively. No XMCD was observed at the Fe L 3 edge, indicating that no uncompensated Fe moments are present near the LFO/ LSMO interface. The XMCD-PEEM images were compared to FM domains simulated using the Object Oriented MicroMagnetic Framework (OOMMF) package [32] based on the Landau-Lifshitz-Gilbert equation. Input parameters for LSMO were saturation magnetization, M s ¼ 400 Â 10 3 A=m, exchange stiffness, A ¼ 1:7 Â 10 À12 J=m, biaxial anisotropy constant K 1 ¼ 1600 J=m 3 , and cell size ¼ 5 nm [33, 34] . The results were robust with changes in these parameter values. Figure 1 shows X-PEEM images for an unpatterned region acquired at T $ 300 K [ Fig. 1(b) ] and T $ 100 K [ Figs. 1(c) and 1(d) ], i.e., corresponding to temperatures above and below T C for the LSMO layer, respectively. The Fig. 1(c) is a Mn XMCD-PEEM image. Above T C , we obtain the characteristic AFM domain structure of a single-layer LFO film with irregularly shaped domains of dark, bright, and gray contrast [ Fig. 1(b) ] [26, 31, 35] . Below T C , the AFM domain structure changes [ Fig. 1(d) ] with a direct correlation between AFM and FM domains. Regions which appear bright [or dark, not seen in Fig. 1(c) ] in the Mn XMCD-PEEM image are also bright in the Fe XMLD-PEEM image, while regions which appear gray in the Mn XMCD-PEEM image, are dark in the Fe XMLD-PEEM image. Domain sizes range from less than one micron to tens of microns. The FM domain contrast shown in Fig. 1(c) resembles that observed for single-layer LSMO films with gray and bright ''flame-shaped'' domains with magnetization along in-plane h110i substrate directions, i.e., the magnetic easy axes [27] .
The orientation of the AFM spin axis in each domain was determined by examining the local XMLD contrast as a function of polarization angle, !, and fitting the observed contrast to the I XMLD equation [26] . From this analysis, we assign white or black AFM domains to regions where the Néel vector lies along ½ 110 and [110] directions, respectively. Analysis of the Mn XMCD contrast allows us to assign the orientation of the FM magnetization in the LSMO layer. The respective orientations of the AFM spin axis and the FM moments are indicated with arrows in the insets to Fig. 1 . The correlated AFM and FM domains are found to have a perpendicular orientation between the local AFM spin axis and FM moments, consistent with spin-flop coupling. Therefore, these results suggest that the strength of the spin-flop coupling is sufficient to cause a 90 rotation of the AFM spin axis as the sample is cooled below T C of the LSMO layer. It should be noted that the larger AFM domains are speckled with smaller ($ 300-400 nm) domains of gray contrast. The gray domains correspond to a minority population of AFM domains with their easy axis oriented along h100i substrate directions. This additional set of AFM spin axes in LFO epilayers grown on LSMO was discussed in a previous communication [26] , where the relative population of h110i-oriented (61%) to h100i-oriented (39%) domains was found to remain constant irrespective of temperature, indicating that only h110i-oriented domains exhibit spin-flop coupling, while h100i-oriented domains remain unchanged.
Patterning by e-beam lithography and Ar þ ion implantation to form embedded microstructures [3] , depicted schematically in Fig. 2(a) , strongly affects the magnetic domain structure, as seen from the X-PEEM images of 2 m Â 2 m micromagnets patterned with edges along in-plane h110i substrate directions, i.e., parallel to the magnetic easy directions of the LSMO layer. The image in Fig. 2(b) , recorded at T > T C , shows the formation of extended AFM domains with their Néel vector parallel to the edges of the structures, as previously reported for this system [26, 36] . After zero field cooling to T < T C , the Mn XMCD-PEEM image [cf. Fig. 2(c) ] unveils a flux-closure domain structure with triangular domains of bright, dark, and gray contrast for domains with magnetic moments parallel, antiparallel, and perpendicular to the incident x rays, respectively. The corresponding AFM domain contrast below T C is shown in Fig. 2(d) , where the AFM spin axis orientation was determined from polarization angle dependent XMLD-PEEM measurements and is indicated with arrows. The AFM domains are consistent with spinflop coupling to the FM layer, with perpendicular orientation of the AFM spin axis and the FM moments. This observation implies that the AFM spins are oriented perpendicular to the edges of the structure, consistent with the divergent AFM vortex states reported by Wu et al. for NiO/ Fe and CoO/Fe discs [5] , and requiring a 90 rotation of the AFM spins compared to the configuration for T > T C . Figures 3(a) and 3(b) show FM and AFM domain patterns, respectively, for an array of square micromagnets patterned in the LFO/LSMO bilayer. Figure 3 
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107201-3 30% of the bilayer micromagnets show a more complicated domain pattern resembling the letter ''Z''. Two variants of this Z-domain structure can be observed in Figs. 3(a)  and 3(b) . This domain structure has a net magnetic moment oriented 45 relative to the edges of the structure. Within the array of square micromagnets, the direction of this net magnetic moment appears to be randomly oriented between the four in-plane h100i directions. Analysis of the flux-closure domains in the bilayer micromagnets shows that their cores are displaced from the center of the square platelet by distances up to 175 nm, also leading to a net magnetic moment for individual structures. Again, we observe a direct correlation between the FM and AFM domains consistent with spin-flop coupling. A representative schematic of the two types of domain patterns is shown in Fig. 3(d) .
In order to understand the formation of the FM domain structures in the 2 m Â 2 m micromagnets, OOMMF simulations were carried out as shown in Fig. 4 . With zero applied magnetic field (H ¼ 0 T), the 2 m Â 2 m squares consistently show flux-closure domains, as seen in the single-layer LSMO [cf. Fig. 3(c) ] and in 70% of the LFO/LSMO bilayer micromagnets. In order to explore the origin of the Z domains which exhibit a net magnetic moment [cf. Fig. 3(a) ], H was applied 45 relative to the edges of the structures, i.e., along the [100] direction.
For small H values, the core of the flux-closure Landau pattern shifts from the center of the square, followed by a transition to a domain pattern resembling the experimentally recorded Z domains for fields above a threshold $9 mT (Fig. 4) . The OOMMF simulations reproduce the two variants of Z domains observed in the X-PEEM images. Because of the fact that the samples are shielded from externally applied magnetic fields in the PEEM-3 chamber and that the apparent local field is randomly distributed along in-plane h100i directions for individual micromagnets, this result suggests that the local magnetic field develops due to an exchange bias interaction between the LFO and LSMO layers. The random orientation of the exchange bias explains why no net shift of the bulk hysteresis loop was observed in blanket LSMO/LSFO superlattices [37] . At the same time, the spin-flop coupling at the LFO/LSMO interface remains robust enough to dictate a local perpendicular orientation of the AFM Néel vector and the FM magnetization, even in the presence of the exchange bias field. These unusual domain configurations observed in this all-perovskite oxide system can be explained by the absence of uncompensated spins at the (001) surface of the G-type antiferromagnet leading to spin-flop coupling, in concert with the tilting of FeO 6 octahedra in the orthorhombic unit cell leading to exchange bias.
In summary, we have investigated the coupled AFM and FM domain structures in 2 m Â 2 m micromagnets embedded in an epitaxial LFO/LSMO bilayer. At these dimensions, the micromagnets lie at the boundary between flux-closure and more complicated multidomain states. For micromagnets with their edges aligned along the magnetic easy axis of LSMO (i.e., in-plane h110i substrate directions), the tilting of the FeO 6 octahedra due to the PRL 111, 107201 (2013) P H Y S I C A L R E V I E W L E T T E R S week ending 6 SEPTEMBER 2013 107201-4 orthorhombic structure leads to an exchange bias field along in-plane h100i directions. For increasing values of exchange bias field, the FM domain state transforms from flux-closure to Z domains. In all cases, the compensated nature of the (001) surface of the G-type antiferromagnet leads to AFM domains which maintain a spin-flop coupling configuration with the Néel vector oriented perpendicular to the FM magnetization. We have shown that coupling to an adjacent AFM layer can stabilize FM domain configurations with a net magnetization, even with zero applied magnetic field. The present findings encourage further studies on exchange bias and domain engineering in micromagnetic structures, both key factors for spintronic devices relying on patterned magnetic elements, such as patterned media for data storage and magnetic logic.
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